Abstract-A centralized resource allocation algorithm in multi-cell OFDM systems is studied, which aims at improving the performance of wireless communication systems and enhancing user's spectral efficiency on the edge of the cell. The proposed resource allocation algorithm can be divided into two steps. The first step is sub-carrier allocation based on matrix searching in single cell and the second one is joint power allocation based on cooperative game theory in multi-cell. By comparing with traditional resource allocation algorithms in multi-cell scenario, we find that the proposed algorithm has lower computational complexity and good fairness performance.
I. INTRODUCTION
In multi-cell systems, it is a great challenge to use the limited radio resources efficiently. Resource allocation is an important means to improve spectrum efficiency in interference limited wireless networks. In distributed systems, a user usually has no knowledge of other users, so a non-cooperative game model is built. In such model, SIR (signal-to-interference ratio) is used to measure system utility and create a utility function. Each unauthorized user allocates resource independently only to maximize its own utility to reach Nash equilibrium. However, for the whole system, system utility is probably not the best.
Therefore, when non-cooperative game theory is applied in resource allocation, there is always a conflict between individual benefit and system benefit [1] . Though some methods, such as the use of the price function, have been proposed to solve this problem, they are difficult in practice. D. Goodman firstly applied noncooperative game theory to power allocation in CDMA systems [10] [11] [12] . In [13] [14] , the authors studied multi-cell power control in different aspects. The algorithms first chose the optimal cell and then implemented power control among users in single cell. In [15] [16] , the authors studied static non-cooperative game. The algorithm in [15] implemented more severe punishment to users with better channel condition, so that it effectively kept good fairness among different users. [17] used dynamic game model. It proposed a distributed power control algorithm based on potential game model. In [18] , the power allocation among cells was carried out by non-cooperative game, but it did not give the solving process. All these work are mainly based on non-cooperative game theory, which may not maximize the whole system utility.
In centralized wireless networks, since resource allocation and scheduling are performed by a central base station, a cooperative game theory model can be built for resource allocation. In such model, users can cooperate and consult with each other and the system utility is theoretically optimal [6] . Hence, this paper focuses on centralized resource allocation in multi-cell systems. The best resource allocation scheme can only be obtained by jointly allocating subcarriers and power among cells. But the computational complexity is too high to realize. Most practical resource allocation algorithms generally consist of two steps. The first step is to allocate sub-carriers in single cell. The second one is to jointly allocate power in multi-cell. This paper proposes an algorithm for multi-cell resource allocation in broadband multi-carrier system, which includes:
(1) Sub-carrier allocation A new sub-carrier allocation algorithm based on matrix searching in single cell is proposed. Firstly, the initial power allocation is finished based on channel environment and rate ratio constraint of different users. Then sub-carriers are allocated after taking both the maximal sum-rate capacity and user's fairness into account, which guarantees the benefit of users located on the cell edge and makes users with poor channel condition obtain sub-carriers as well. What's more, the complexity is reduced compared with the algorithm which allocates sub-carriers first and then exchanges subcarriers [3] .
(2) Power allocation The main problem in multi-cell systems is co-channel interference among adjacent cells. After using statistical channel state information, this algorithm introduces an idea of cooperative game theory. Aiming at maximize the net utility of system (i.e., QoS-satisfied function based on sum-rate capacity), the proposed algorithm models resource allocation process like a cooperative game among users in different cells, and the Nash bargaining solution (namely the assignment result of sub-carriers and power) can be obtained through a power allocation algorithm whose complexity is controllable. The simulation shows that this algorithm can approximate the maximal sum-rate capacity of a multi-cell system while meet users' QoS fairness as well.
The reminder of this paper is organized as follows. Section 2 gives the system model in single cell and multicell. And then the proposed resource allocation algorithm is presented in detail in section 3. At last, the effectiveness and rationality of the proposed algorithm are verified by comparing with other traditional algorithms in section 4. Finally, a conclusion is made in section 5.
II. SYSTEM MODEL The system model is shown in Fig. 1 . Assume that the total band of the system is B and the number of subcarriers is C. The multi-access mode is orthogonal frequency division multiple access (OFDMA). The degree of fast fading in adjacent sub-carriers is similar so that a group of S consecutive sub-carriers with similar fading characteristics can be seen as a sub-channel. Therefore, the number of sub-channels (denoted by N) is C/S and the labels of them are denoted from 1 to N. Considering I adjacent cells with co-frequency interference, the number of active users in each cell is K. Assume that the CSI (channel state information) detected by a mobile station can be fed back to the base station through control channel without error. The base stations among adjacent cells are connected by optical fiber and control information is real time transmission.
A. Single Cell System Model
For a single cell, the downlink resource allocation model is described as follows: 
C
restricts that the power assigned to a sub-carrier is not negative. 3 C restricts that a sub-channel only stays in two states, assigned or unassigned. 4 C restricts that a sub-channel can only be assigned to one user.
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C specifies that the rates the users obtained must meet the requirements of ratio constraints, in which 1 2 : : In this model we assume that users experience independent multipath Rayleigh fading. A base station can obtain the entire CSI. Sub-channel is a basic unit during allocation. Generally, users are located in different places of a cell, so the transmission loss and shadow fading are different. Therefore, the channel gain can be further expressed as follows:
where , shadow fading and multipath fading of user k on subchannel n, respectively. The mean gains of them are assumed to be 0dB. If the time scale of resource allocation is a transmission time interval (TTI) and the unit is millisecond, shadow fading and transmission fading will only depend on user's location. Therefore, the mean SNR can be expressed as:
Define the sum-rate capacity of user k as follows:
where k Ω is the set of sub-channels which user k uses.
B. Multicell System Model
Given I adjacent cells with co-frequency interference, the number of active users in each cell is k . , , The SIR of this user can be expressed as:
In multi-cell OFDMA systems, sub-channel allocation is assumed to be finished in each cell. , . Since a sub-channel in one cell can only be assigned to one user during one TTI, the number of users in co-frequency channel equals the number of co-frequency cells. Each co-frequency channel is independent. Therefore, the power allocation in I adjacent cells is equivalent to the power allocation among I users on co-frequency channels, and the maximizing of system throughput is equivalent to the maximizing of capacity sum on each co-frequency channel in each cell. This can be achieved through cooperation in multi-cell.
Ⅲ. RESOURCE ALLOCATION SCHEME

A. Sub-carrier Allocation
User's channel gain is determined by transmission loss, shadow fading and multipath fading. Besides, transmission loss, shadow fading, together with users' rate ratio are only relative to users. Hence, we can assume that the sub-channels assigned to each user have the same initial power. In a view of average, user's sum-rate capacity also needs to satisfy the requirement of rate ratio constraints. Therefore, how to optimize the assignment of sub-carriers is presented as follows. 
where k x is a positive integer, representing the number of sub-channels assigned to user k. k p represents the initial transmission power of user k on each sub-channel. K R represents the sum-rate capacity of user k on average. To solve (6), Lagrange multiplier method is used. The cost function L is written as follows: 
Combining (8) with (6), the optimal initial power allocation on average can be achieved through Newton-Raphson method [2] .
After the initial power is determined, the sub-carrier can be assigned in single cell. The proposed sub-carrier allocation is based on matrix-searching and has three steps. First, the matrix of sum-rate capacity of K users on N sub-channels is figured out. Thus the question becomes how to find the corresponding user for each sub-channel in a K×N matrix. Second, sort all the users according to their rate requirements and assign sub-carriers for the first time, ensuring that each user is assigned a sub-channel at least. Define the fairness function δ as:
where k R represents the obtained sum-rate capacity. k r represents the required ratio of rate capacity. Finally, finish allocating sub-carriers based on the fairness function δ. The algorithm is described in detail as shown in Fig. 2 : Figure 2 . The matrix-searching based sub-carrier allocation algorithm in single cell
B. Power Allocation Strategy Based on Game Theory
Power allocation on co-frequency sub-channel is realized via a cooperative game process. To make a user not simply pursue the utility maximization in power allocation, the interference to other users should also be considered. Thus the pricing function of transmission power obtained by each user is introduced into the cooperative game theory, which represents the cost that the user has to pay for using system resource. The system utility can reach the optimal state when each user arrives at a tradeoff between the obtained utility and the produced interference.
In a multi-cell system, let { , , , , } G P A S I U = present a gaming process, whose parameters are described below:
(1) P represents participants, who are a set of users experiencing co-frequency interference on the same subchannel of each cell.
(2) A represents strategy set, which include 
In this paper, the sum-rate capacity is used as the utility function, and on any co-frequency sub-channel, the utility function of user k is:
log ( 
log(1 )
After sub-carriers are finished allocation in single cell, multi-cell power allocation based on cooperative game theory are conducted, which is shown in Fig. 3 . The gaming goal in a multi-cell system is to obtain Nash bargaining solution, which maximizes the net utility of system. To guarantee the fairness among users, the system strategy set is updated until the following conditions are met: the number of cells with power gain is larger than that with power loss and the whole system must obtain power gain. If the net utility does not increase after the strategy set is changed, Nash bargaining solution is obtained. 
Ⅳ SIMULATION ANALYSIS
A. Simulation environment
The power allocation algorithm in multi-cell OFDM systems is simulated by MATLAB. Frequency selective channels contain six independent Rayleigh multipath and the maximum delay spread is 5us. Other system parameters are shown in Table I . This simulation uses discrete event-driven mechanism for dynamic simulation. In order to obtain stable and reliable performance, the results are obtained from the average of 10000 implementations on random channel. Number of co-frequency cells 2
Number of sub-carriers 1024
Total transmission power 1W
Total system bandwidth 1M
Number of users 2-10 AWGN power spectral density -80dBw/Hz
Average channel gain 0-30dB
The proposed algorithm is compared with other three traditional resource allocation algorithms, namely:
Algorithm 1: represents the proposed algorithm, which includes sub-carrier allocation based on matrix searching and power allocation based on cooperative game theory.
Algorithm 2: consists of direct sub-carrier allocation [7] [8] [9] and equal power allocation.
Algorithm 3: consists of direct sub-carrier allocation [7] [8] [9] and Water-filling power allocation [4] [5] .
Algorithm 4: consists of the proposed sub-carrier allocation in the paper and equal power allocation. Fig. 4 and Fig. 5 compare the four resources allocation algorithms from the perspective of system capacity, which plot the normalized system throughput. The users' rate ratios in Fig. 4 and Fig. 5 are 4：2：1：…:1 and equal, respectively. As shown in Fig. 4 and 5, algorithm 3 has the highest throughput and the proposed algorithm has better throughput than algorithm 2 and 4. This is because in algorithm 3, subcarrier allocation and power allocation are based on throughput, which can achieve the highest system throughput. Although sub-carrier allocation based on matrix searching in algorithm 1 will lose part of system throughput for its paying attention to fairness, the result of total resource allocation in algorithm 1 is still better than those in algorithm 2 and 4. This is because algorithm 1 allocates power based on cooperative game theory, which is to maximize the net utility of system and thus can approximate the maximal sum-rate capacity in multi-cell systems. Furthermore, its superiority is enhanced as the number of users is increased and the system capacity is more approximate to that of algorithm 3. Next the proposed algorithm is compared with algorithm 3 and 4 from the perspective of system fairness. Figs. 6, 7 and 8 plot the sum-rate capacity of all users in a cell with users' rate ratio of 4:2:1: ...: 1 when the number of users in each cell is 3, 5 and 8, respectively. We can see that the proposed algorithm is the best in terms of fairness and it can most approximate the requirement of users' rate ratio. Algorithm 4 is better than algorithm 3 in terms of fairness because it adopts the proposed subcarrier allocation algorithm in this paper. However, algorithm 4 has smaller sum-rate capacity than algorithm 1 and its fairness is also slightly weaker. This is because equal power allocation does not differentiate channel gain for users in different locations. Though algorithm 3 maximizes the sum-rate capacity, it does not nearly meet any requirements of users' rate ratio. Algorithm 2 is not taken into consideration in comparison because of its worst fairness. Therefore, the proposed algorithm improves system fairness greatly, which can improve the spectral efficiency on the cell edge and guarantee the rate demands of all users. From Fig. 9 , we can see that when the number of users increases, the proposed algorithm has the slowest growth in relative bit latency. This is because our algorithm considers the fairness among users and gives each user a relatively fair chance to obtain the timefrequency resource. On the contrary, we can find that algorithm 3 and algorithm 4 only pursue high sum rates, and give all the resources to the users with good channel condition. Thus, they fail to meet the requirements of other users.
B. Results and discussion
From the perspective of computational complexity, the proposed algorithm requires numerical iteration. During initial power allocation before subcarrier allocation, there is a numerical iteration. During multicell power allocation based on cooperative game theory, there is also a numerical iteration. Thus it has higher algorithm complexity compared with equal power allocation.
As sub-carrier allocation is considered, compared with the algorithm which allocates sub-carriers first and then exchanges sub-carriers, the proposed matrix-searching algorithm reduces complexity actually. However, the initial power allocation requires numerical iteration, which is more complex than sub-carrier allocation itself. Thus compared with the sub-carrier allocation algorithm with equal initial power, the proposed algorithm is a little more complex. But its performance is improved greatly since users in different location of a cell have different channel gain.
As power allocation is considered, although equal power allocation is the simplest, it is not used in reality for its inability to meet the requirements of users' rate. Compared with algorithm 3, the proposed algorithm indicates that sub-carrier allocation in single cell has approximated the system optimal solution to some extent. And in multi-cell cooperation, the strategy set of game theory needs to be changed only when the system utility is increased and the number of cells with power gain is bigger than that with power loss. Thus, the complexity caused by the proposed resource allocation is lower than that by Water-filling power allocation in algorithm 3.
In general, the initial power allocation in sub-carrier allocation and the multi-cell power allocation based on cooperative game theory both have the linear complexity ( ) O k (where k is the number of users). Although this algorithm's complexity is higher when compared with that of ideal resource allocation algorithms such as equal power allocation, it is actually decreased when compared with some currently applied algorithms such as Waterfilling. Furthermore, the proposed algorithm is only slightly worse than algorithm 3 in terms of system capacity. And it is the best in terms of system fairness.
Ⅴ. CONCLUSION
This paper proposes a resource allocation algorithm based on game theory in a centralized multi-cell OFDM system, including the matrix-searching based subcarrier allocation algorithm in single cell and the joint power allocation algorithm in multi-cell based on cooperative game theory.
The proposed algorithm is compared with other three traditional resource allocation algorithms from the perspective of system capacity, fairness and complexity.
The results show that the proposed algorithm achieves a good tradeoff between system throughput and fairness. And its complexity is reduced compared with the multicell water-filling algorithm which achieves highest throughput. Furthermore, it can nearly satisfy the requirements of users' rate ratio and the users on the cell edge can get a significant spectral efficiency gain.
